It is known from experiments that in the presence of soluble antigen, B-cell receptors (BCRs) assemble into microclusters and then collect into a macrocluster known as a 'cap'. However, the mechanisms of BCR cluster formation during recognition of soluble antigens remain unclear. In previous work, we demonstrated that effective intrinsic attractions among BCRs can lead to the formation of small microclusters of BCR molecules. The effective intrinsic attractions could be caused by multivalent antigen binding, association with lipid rafts, or other biochemical factors. In the present study, we have developed and studied a Monte Carlo model of BCR clustering mediated by explicit binding and crosslinking of soluble bivalent antigens. Antigen crosslinking is shown to microcluster BCRs in an affinity-dependent manner and also in a biologically relevant timescale; however, antigen crosslinking alone does not appear to be sufficient for the formation of a single macrocluster of receptor molecules. We show that directed transport of BCRs is needed to drive the formation of large macroclusters. We constructed a simple model of directed transport, where BCR molecules diffuse towards the largest cluster or towards a random BCR microcluster, which results in a single macrocluster of receptor molecules. The mechanisms for both types of directed transport are compared using network-based metrics. We also develop and use appropriate network measures to analyze the effect of BCR and antigen concentration on BCR clustering, the stability of the formed clusters over time and the size of BCR-antigen crosslinked chains.
INTRODUCTION
B lymphocytes are activated by a series of signaling events that are initially triggered by the binding of antigen (Ag) to B-cell receptors. 1, 2 It is known that crosslinking of bivalent B-cell receptors (BCRs) by multivalent soluble Ags can be an important mode of recognition. [3] [4] [5] [6] [7] Recent studies indicate that production of antidrug antibodies can be a major limitation of recombinant human protein therapeutics. 8 These antibodies are generated due to breakage of B-cell tolerance because B cells perceive repetitive epitopes in aggregated recombinant human selfproteins as soluble foreign Ags. Hence, such an antidrug immune response is also governed by crosslinking of bivalent BCRs. However, the mechanism by which Ag crosslinking modulates B-cell intracellular signaling to discriminate affinity of Ags is unclear.
Experimental studies of B-cell activation by soluble, multivalent Ags have shown that BCRs collect into microclusters upon Ag binding and subsequently a macrocluster of BCR-Ag complexes, or 'cap', is formed on the B-cell surface. 5, 6, 9, 10 However, the formation mechanisms of such BCR clusters as well as their functional roles in the recognition of soluble Ags are not yet fully elucidated. Initial interactions of BCRs with soluble Ags were also addressed by a few recent computational studies. 11, 12 In a recent work, we developed an effective model of BCR clustering that is mediated by mutual attraction between BCR molecules. 12 Such mutual receptor-receptor attraction can arise due to Ag crosslinking, increased raft association of BCRs upon Ag binding, or some other biophysical mechanisms. However, our results also showed that while mutual attraction between BCRs was sufficient for microcluster generation, it was not sufficient to drive cap formation.
In the present study, we develop a model of BCR clustering mediated by Ag crosslinking that leads to the formation of BCR microclusters. We used a Monte Carlo scheme in which the bivalent BCRs are clustered by bivalent Ags (Figure 1 ). Crosslinking of bivalent BCRs by bivalent Ags can be thought to be a minimal model for BCR crosslinking by multivalent soluble Ags. A large number of in vitro experimental studies also used such bivalent Ags, such as anti-Ig to elucidate micro-and macroclustering of BCRs. 7, [13] [14] [15] [16] [17] Interestingly, we observe that the formation of microclusters is largely dependent on the affinity of Ag for BCRs. In contrast to our earlier study of BCR clustering mediated by intrinsic attraction between BCR molecules, very high receptor or Ag density did not lead to the formation of a single macrocluster. However, we did observe macrocluster formation in the presence of directed transport of BCR molecules by means of a bias in diffusion towards a specific direction, as observed in experiments. [18] [19] [20] [21] [22] [23] [24] [25] [26] However, the region towards which BCR molecules will be transported (by a directed transport mechanism) on an otherwise spherically symmetric cell surface is not clear. This is different from the case of membrane-bound Ags where the cell-cell contact region determines the direction of directed transport. [19] [20] [21] Due to the lack of experimental evidence about the direction of the BCR molecule's diffusion bias, we explore two possible mechanisms of directed transport of BCR molecules.
Using a set of network metrics, we compared the difference between two proposed scenarios of directed diffusion: (i) towards the largest microcluster; and (ii) towards a randomly chosen microcluster. Quantitative criteria, such as the average BCR interpair distance ,S. and the number of neighboring BCR pairs ,P. are used to characterize BCR clustering due to Ag crosslinking. 12 ,S. is defined as the average distance between any two BCRs and ,P. is the count of BCR pairs in which both BCRs are adjacent to each other. In addition, the length of BCR-Ag crosslinked chains and the size of BCR microclusters, as well as their variations over time, are also used as metrics for measuring the amount of clustering, especially due to directed transport. The study also addresses the effect of BCR-Ag affinity on directed transport-mediated macrocluster formation.
MATERIALS AND METHODS

Background
We developed a stochastic Monte Carlo simulation procedure to elucidate the mechanisms of receptor clustering in B cells due to 12, [19] [20] [21] 24, [27] [28] [29] [30] In this Monte Carlo algorithm, the molecular population is randomly sampled to undergo events such as diffusion and reaction, with its status updated at every time step. 30 A flow chart of the Monte Carlo algorithm used in this study is depicted in Figure 2 .
Model setup
Both the BCR and Ag are considered bivalent. We considered a threedimensional cubic lattice of size L5200 nodes in each direction, and at the bottom of the grid, at Z51, BCR molecules are uniformly distributed on the B-cell surface, while above the Z51 plane, Ag is uniformly distributed in the intercellular medium (Figure 1 ). Due to their bivalent nature, each receptor molecule occupies two lattice points. Bivalent Ag molecules floating in the intercellular medium (from Z52 to Z5200) also occupy two lattice points. Both BCR and Ag molecules can be oriented along either the X or Y direction. The orientation of BCR and Ag molecules was determined by a coin toss with probability 0.5. At Z52, Ags come in contact with receptor molecules, and can bind to them with probability P on .
At every time step in the simulation, a molecule is randomly selected on the three-dimensional grid, and checked whether it is an Ag or a receptor. We attempt either diffusion or reaction for the chosen molecule, determined by means of a coin toss with probability 0.5.
In our model, we choose a nodal spacing of 20 nm, thus simulating a 4 mm34 mm region for 2003200 nodes. Thus, the simulated area is large enough to model experimentally observed caps (,10 mm 2 ). 31 The explicit simulation of BCR and Ag molecules as individual agents allows us to include the effect of mutual physical exclusion of BCR molecules. The simulated area is believed to be sufficiently large such that a zero net flux condition exists at the boundaries, which in our simulations is implemented by means of fully reflecting boundaries. The various parameters that relate to the spatial dimensions of our model are listed in Table 1 .
Reaction
If a BCR or Ag molecule has been selected to undergo a reaction, the first step is to check the opposing node (Z52 for BCR and Z51 for 
Diffusion
If a BCR or Ag molecule is selected to undergo diffusion, a random number trial with probability P diff is conducted to determine if the diffusion move will occur. BCRs can move in one of four possible directions, chosen randomly in the Z51 layer. Ags in the Z52 layer can move in five possible directions (four directions in the plane parallel to the cell surface, plus away from the cell surface), while above the Z52 layer they can move in six possible directions. If the diffusion trial is successful, the selected molecule will 'hop' by a distance of onenodal spacing in the specified direction. Because two molecules are not allowed to occupy the same node, the diffusion hop will only occur if the target node is unoccupied. If the selected molecule had already formed a complex, then the BCR-Ag complex will hop in the chosen direction if all the necessary adjacent nodes are empty. If two or more BCR molecules are crosslinked by Ags as a BCR-Ag chain, diffusion becomes more challenging, as complexity increases with the increasing chain length. We designed the following scheme for performing diffusion moves for large crosslinked BCR chains. The diffusion move takes place in two steps: (i) all the adjacent nodes of every BCR and Ag molecules of the chain need to be checked for occupancy in the chosen direction; and (ii) if the conditions are such that the move is allowed to occur, all the component molecules of a chain of BCR-Ag molecules of arbitrary size need to move. The diffusion rate of crosslinked BCR-Ag chains decreases in proportion to the increase in chain length, as discussed in the 'Parameters' section below. Our procedure can simulate directed transport of BCR molecules: (i) towards the largest cluster or (ii) towards a randomly chosen Monte Carlo study of BCR clustering AS Reddy et al 257 microcluster. We define a biasing factor P bias such that movement of the BCR molecule towards the largest/random microcluster is bias sampled with probability P bias . In previous work, we have shown that simulating directed transport by biasing diffusion is equivalent to simulating transport by explicit attachment of receptors to the cytoskeleton.
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Parameters Monte Carlo simulations are performed for various BCR concentrations (N BCR ), Ag concentrations (N Ag ), and also various parameters such as probability of dissociation (P off ) and probability of bias diffusion (P bias ).
The parameter values used in our model are listed in Table 2 .
The radius of a typical B lymphocyte is assumed to be 8 mm, 11 resulting in an overall surface area of ,800 mm 2 . The typical number of BCR molecules is assumed to be 10 5 per B cell, resulting in 125 BCR molecules per mm 2 . 25 The number of BCR molecules in the 4 mm34 mm simulation domain is thus ,2000 molecules. The number of Ag molecules is set to ,16-32 molecules per mm 3 .
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The diffusion coefficient of free molecules in a biological membrane is in the range of 0.01-0.1 mm 2 /s. 26, 32 Free molecules being the fastest diffusing species in the simulation, we set P diff for free molecules equal to 1. As shown in previous work, this leads to an equivalence of 10 23 s per simulation time step. 21 The diffusion rate of crosslinked BCR chains (D c ) is inversely proportional to its chain length (P diff(ch )51/a; where a is number of BCRs in the BCR-Ag crosslinked chain).
Affinity is varied by varying P off , while keeping P on constant, as is done in recent B-cell activation experiments 33, 34 and our previous work. [19] [20] [21] The quantities P on and P off are directly analogous to the physical on-rate k on and off-rate k off , and their ratio P on /P off is directly analogous to the affinity K A 5k on /k off . In previous work, we have developed a mapping between P on , P off and k on , k off , which allows us Network-based measures for the characterization of receptor micro-and macroclustering In a previous study, we have shown that network-based metrics such as the average BCR interpair distance ,S. and the number of adjacent BCR pairs ,P., can be used to quantitatively characterize various forms of receptor clustering. 12 In addition to ,S. and ,P., we now consider: (i) the length of the longest BCR-Ag chain; and (ii) the number of BCR molecules in the largest microcluster, even if they are not crosslinked by Ag.
RESULTS
Crosslinking by Ag leads to microcluster formation in an affinitydependent manner Crosslinking of bivalent BCRs by Ag resulted in the formation of small microclusters (Figure 3) . Figure 3 depicts BCR microclusters formed due to changes in the affinity of BCR-Ag binding. The left and right Fab domains of the BCR molecules are depicted in red and green, respectively. The formation of microclusters is fast (,100 s) and they are stable over the time, but microcluster formation crucially Figure 4 shows the number of adjacent BCR pairs, ,P., which measures the amount of clustering at various P off values. There is no microclustering above the threshold value of P off .0.1, and the amount of microclustering increased when the value of P off decreased. Maximal clustering is observed at P off 510 25 ( Figures 3 and  4) . When we decreased the P off value further, from 10 25 to 10 26 , the degree of clustering also decreased. This is due to the effective lowering of the diffusion rate of BCR-Ag complexes arising from very large bound time of BCR-Ag complexes at very low P off values. As the maximal amount of microclustering is observed at P off 510 25 , we used this value in subsequent simulations. At very low P off values, Ags cannot further trigger microcluster formation once they are bound to BCR, whereas at very high P off values the binding time of a BCR-Ag complex is not sufficiently long to result in cluster formation. At intermediate P off values, Ags serially engage multiple BCR molecules over the course of a single simulation run, leading to effective microcluster formation. 23 
Effect of variation in BCR and Ag concentrations
When the number of Ag molecules is increased from 1000 to 2000, microclustering is increased as measured by the size distribution of microclusters as well as the number of such clusters (Figure 5a ). However, an increase in the concentration of BCR or Ag did not lead to macrocluster formation. When the number of BCR molecules increases from 2000 to 5000 (Figure 5b-d) , the size of the microclusters did not seem to grow, but the number of microclusters increased. However, we see an increase in the ,P. value with the increase of either Ag or BCR molecules ( Figure 6 ).
Thus, crosslinking by Ag alone could not lead to the formation of a single macrocluster, and from our earlier study, 12 it is known that the intrinsic attractions among the free BCRs cannot by itself lead to macrocluster formation at physiological values of BCR concentration. Hence, a directed transport-based mechanism appears necessary to achieve receptor clustering on a large scale (about micrometre size).
Directed transport leads to receptor macroclustering
Directed transport has been implicated in receptor clustering in the form of B-cell immune synapse formation. [19] [20] [21] 35 In studies involving membrane-bound Ags, the direction of receptor diffusion is thought to be towards the cell-cell contact region. 19 In the case of soluble Ags, there is no cell-cell contact point, and thus no such obvious preferred region toward which receptors would diffuse in a directed manner. This poses a challenge in selecting a direction for directed diffusion of BCRs.
We study two possible cases of directed diffusion: (i) towards the largest microcluster, which, formed at early times by stochastic fluctuation, would trigger the strongest signal inside a B cell and thus would induce directed transport towards itself; and (ii) towards any randomly chosen microcluster. In both cases, receptors aggregated into a single, large macrocluster ( Figure 7 and Supplementary  Figure 1) . When we varied the strength of directed transport (i.e. P bias ), as depicted in Supplementary Figure 2 (N BCR 52000, N Ag 52000 and L5200), macrocluster formation is only observed when P bias is set to greater than 0.1. At P bias 510 23 or 10 22 , no macrocluster formation was observed. The minimum value of P bias for which macrocluster formation occurs depends on receptor concentration. The shapes of various macroclusters formed are like 'X' in Figure 7 , and linear in Supplementary Figures 1 and 2 , which could be artifact of the rectangular area used for the model.
We estimate various network parameters: (i) the length of the longest BCR-Ag chain; (ii) the number of adjacent BCR pairs ,P.; (iii) the average BCR interpair distance ,S.; and (iv) the number of BCR molecules in the largest microcluster, for both the scenarios of directed diffusion. It is observed that ,S. cannot capture initial microclustering; however, ,P. can. 12 After the initiation of directed diffusion at time t5T/2 time, the variation in the abovementioned parameters for the case of bias towards the largest microcluster is sharper when compared to the case of directed motion towards a randomly chosen microcluster (Figures 8 and 9) .
The average BCR interpair distance ,S., and the number of adjacent BCR pairs ,P. are evaluated by averaging over 20 Monte Carlo runs and plotted against time (T) (Figure 8 ). Figure 9 shows the change in the size of the largest microcluster. Data points were recorded and plotted 200 time steps before and after the onset of directed diffusion.
No variation is observed in both ,S. and ,P. values until the initiation of directed diffusion (Figure 8 ). However, for both directed diffusion cases: (i) directed diffusion towards the largest microcluster; and (ii) directed diffusion towards a randomly chosen microcluster, we observe a sharp change after the onset of directed diffusion. There is a small decrease in the value of ,S. value and the two curves of ,S. are identical (Figure 8a ), whereas the increase in the value of ,P. is significant and is relatively sharper for the case of directed diffusion towards the largest microcluster (green curve).
Following the onset of directed diffusion, an increase in the size of the largest microcluster ( Figure 9 ) is observed for both types of directed diffusion. However, for the case of directed diffusion towards the largest microcluster, the increase was sharper compared to the case of directed diffusion towards a randomly chosen microcluster. Simulations were performed in which BCR-Ag affinity was varied, and we observed that macrocluster formation is slower at higher affinity values (i.e. lower P off values).
Characterization of micro-and macroclustering
At the beginning of a simulation run, when BCR molecules are randomly distributed, (i) the average BCR interpair distance ,S. does not depend on the number of molecules (Supplementary Figure 3a) ; and (ii) ,S. was found to be proportional to the lattice size L (Supplementary Figure 3b) . This is analogous to the results from our earlier study of BCR clustering by monovalent Ags. 12 When the lattice size is scaled down to L560, the number of Ag molecules is fixed at 100, and the number of BCR molecules is increased from 100 to 600, ,S. did not depend on the number of molecules (Supplementary Figure 3a) . When the number of BCR and Ag molecules is fixed at 100 and the lattice size is varied from 20-100, we observed a linear relationship between ,S. and lattice size (Supplementary  Figure 3b) . 6 time steps) during microcluster formation followed by the directed diffusion towards a randomly chosen BCR-Ag chain (N BCR 52000; N Ag 52000; P off 510 25 ; L5200; T510 7 ; P bias 51). Two hands of the BCR are depicted with red (left) and green (right) colors. Ag, antigen; BCR, B-cell receptor.
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Similar to the case of macroclustering of BCRs due to intrinsic attraction, 12 we obtained the following simple scaling relations with respect to network metrics: (i) the average BCR interpair distance ,S. versus the number of BCR molecules N (Equation (1)) and (ii) the number of adjacent BCR pairs ,P. versus the number of BCR molecules N (Equation (2)):
where N is the total number of receptor molecules and l 0 is nodal spacing.
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When macrocluster formation is driven by directed diffusion, ,S. is plotted against the number of molecules (Supplementary Figure 4a) and it is observed that ,S. is directly proportional to the square root of the number of molecules. The graph plotted on a log scale confirms the power law increase with a slope of 0.4696. Similarly ,P./N 1/2 shows a scaling relation with the number of molecules (Supplementary Figure 4c ). However, in the case of microclustering, the number of adjacent BCR pairs ,P. results in a simple scaling relation (Supplementary Figure 4d) , but not the average BCR interpair distance ,S. (Supplementary Figure 4b) .
DISCUSSION
In the present study, we have developed a simple model of BCR clustering that occurs due to crosslinking by soluble Ags and late time, signaling-driven directed transport of BCR molecules. Our simulations show that crosslinking of BCRs by bivalent Ags is sufficient to generate microclusters of BCRs. The fact that BCR molecules have two possible orientations (vertical and horizontal) in our simulations allows the formation of two-dimensional microclusters. Increasing Ag valency to values greater than 2 would microcluster BCRs in a manner similar to that observed for bivalent Ags; however, the clusters would be more compact. Microcluster formation by Ag crosslinking is highly dependent on the off-rate, with P off 510 25 being the optimal off-rate for microcluster formation. However, lipid-mediated interactions might enhance the microcluster formation in a steady manner with decreasing the off-rate. Using the mapping that one of our model's time steps corresponds to 10 23 s, the range of P off values used in our simulation, 10 21 -10 26 corresponds to off-rates of 10 2 -10 23 s 21 (Table 2) , comparable to off-rates for BCR-Ag binding found in the experimental literature of the order of 1-10 24 s 21 .
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The timescale of microcluster formation in experimental studies of Bcell recognition of soluble Ags was of the order of minutes, 36 and correlates with the timescale of 100-1000 s observed in our simulations. The concentration of Ag used in our simulations (,32 molecules per mm 3 ) is also in the physiological range. [13] [14] [15] [16] [17] Microclusters formed by Ag crosslinking fail to coalesce into a single large macrocluster, even at very high Ag concentrations. We therefore introduced intrinsic attractions among free BCR molecules. Such attractions can arise due to raft domain formation upon BCR-Ag crosslinking, something which can further cluster individual BCRs. However, we found that strong BCR intrinsic attraction among unligated receptors led to the formation of large macrocluster only at very high, non-physiological BCR concentrations ( Supplementary  Figures 5-7) . Hence, cap formation implies the presence of an additional clustering mechanism, such as signaling-driven directed transport of receptors. Even though for multivalent (.2) Ags with a large number of epitopes we expect microcluster formation will be easier than for the case of bivalent Ags, it is still difficult for such microclusters to coalesce into one large macrocluster as large microclusters formed due to increased valency will also be slower to merge together. More importantly, previous experiments indicate a directed transport mechanism for cap formation, as actin cytoskeleton inhibitors such as cytochalasin D were shown to interfere only with the BCR macroclustering in large caps, but not with initial formation of microclusters. [3] [4] [5] For soluble multivalent Ags, the preferred location of directed transport is difficult to determine, particularly due to lack of suitable experimental studies. The consolidation of microclusters into a single macrocluster is studied by assuming directed diffusion towards the largest microcluster or a randomly chosen microcluster. Although a single macrocluster is formed at the end for both cases, there was a quick jump in the size of the largest macrocluster size and the length of the longest BCR-Ag chain immediately after the start of directed To quantitatively describe receptor networking, we have devised metrics such as the average distance between receptor pairs ,S. and the number of adjacent BCR pairs ,P., which can effectively yield quantitative estimates for different types of receptor clustering. We also considered the number of BCR molecules in the largest microcluster as a metric of differentiation between the two cases of directed diffusion. Similar metrics can be potentially used to analyze experimental data of BCR clustering, and could thus connect experimental results with computational studies. Imaging studies could yield position information of BCRs in a dynamic manner as they organize into clusters on the B-cell surface. Such positional information could then be used to estimate our proposed network metrics. In addition, recent fluorescent resonance energy transfer experiments, such as the fluorescent resonance energy transfer between Ig-a green fluorescent protein and Ig-b yellow fluorescent protein, can estimate the degree of receptor clustering 38 and can be well correlated with the number of adjacent BCR pairs calculated in our theoretical modeling study.
In conclusion, we have developed a Monte Carlo model to elucidate the mechanisms of BCR clustering by crosslinking of soluble Ags. The effect of BCR-Ag affinity, and their concentrations on clustering, the stability of the formed clusters over the time, and the size of BCR-Ag crosslinked chains are all analyzed. Our results indicate that microcluster formation is dependent on the BCR's affinity for Ag. We also observe a need for directed transport of BCR molecules for the clustering of BCRs in cap-like macroclusters. In addition, our model provides a mechanistic description of BCR macrocluster formation by directed diffusion towards the largest microcluster or a random microcluster. The study motivates us to further probe the details of BCR clustering in cap-like structures. A more detailed model involving the lipid rafts is currently under development.
Note: Supplementary information is available on the Cellular & Molecular Immunology website (http://www.nature.com/cmi/). 
